Several papers have been published recently on the crashworthiness studies. The main task was to predict the energy absorption W p and average collapse forceF in time of sheet steel structures. The main objective of this contribution is to design a component that allows absorbing and dissipating a high energy W p allowing improvements of the survivability of passengers in vehicles. However, the range of applications is larger since it includes all civil and military applications related to safety of components, or more generally of construction elements being loaded by impacts or explosions. In the present 3D case, the aim of this numerical study on dynamic loading in adiabatic conditions of deformation is to analyze the effect of elastic wave propagation combined with plastic behavior on the collapse site of a rectangular tubular structure made of steel sheet. To demonstrate the strong coupling between the effects of strain rate sensitivity, accounted for in the constitutive relation that is used in numerical simulations, with the process of elastic wave reflection on the boundary conditions, a series of numerical simulation was performed. It is shown in this numerical study that the strain rate sensitivity influences the position of the first collapse site. Moreover, the first collapse initiation of a structure defines the level of power absorption. Since the process of folding may be combined with bending of the structure (in particular when a local buckling appears close to the opposite side of impact), in this non axial case the energy absorption W p decreases and the effectiveness of the structure to the energy absorption is insufficient.
Introduction
Steel sheets of relatively high strength are currently used in automotive industry, to enhance the energy absorption of components like a crash box, Fig. 1(a) . The task of this kind of structure is to absorb a high energy during an accident, mainly in order to assure security of passengers by limiting the maximum deceleration level. Therefore, the structure must deform by a process of collapse and sequential folding during plastic deformation. During the collapse of the structure, in the present case the ''crash box'', the process of plastic deformation must be controlled. This kind of structures is frequently used in front of the car or laterally as shown in Fig. 3 (b) to protect passengers and driver. This type of structure has a history of plastic deformation during metalworking, which affects also the response during a crash. Sheets after rolling pass several operations with different paths of loading, Fig. 1(b) , such as tension, bending and stretching, which are carried out at different strain rates, Figs. 1(b) and 2. Thus the dynamic response of the crash box is affected by the history of pre-plastic deformation induced to the assumed hat shape constituting the crash box [1] . The rate effects (the velocity of forming) used during the manufacturing operations contributes also. In this work a particular attention is focused to the strain-rate sensitivity, in addition to the strain hardening as reported in [2] . Fig. 1 (b) defines the domain of strain paths of a sheet at different strain rates and also for different values of friction coefficient m (m ¼ 0, bi-axial loading). It can be observed that high values of the effective plastic strain rate _ p induce a substantial decrease of the strain limit due to adiabatic heating. However for _ ¼ 10 2 s 1 , which corresponds to the strain rate limit observed in punching, Fig. 2 , the strain level is more or less equal to the value observed in quasistatic deformation. Moreover, the plastic pre-deformation imposed is always lower than 10% [3] , Fig. 1(b) . The knowledge of deformation history is important for new materials such as transformation induced by plasticity (TRIP) steel since the process of pre-deformation induces a phase transformation which affects at the same time the mechanical properties of structure [4] [5] [6] . For this material during the process of punching the initial residual austenite, which is always present, transforms into martensite, which is a hard phase in comparison with ferrite and austenite [4] . Therefore the level of effective stress s is affected at the same time by the rate of strain hardening (n ¼ q log s=q log ). These new materials are used more frequently, Fig. 3(b) , to increase the energy absorption of structures, in complement of dual phase (DP) or high strength low alloy (HSLA) steels.
In this study, however, the most popular steel is considered: the mild steel, Fig. 3(a) . This material was studied because several tension tests have been performed in quasi-static conditions and in relatively high strain rates allowing for a good recognition of its behavior in terms of strain hardening, including strain rate and temperature sensitivity [7] [8] [9] [10] [11] , Fig. 4(a) . The isotropic plastic behavior showed by this material allows the usage of an isotropic plasticity theory in its modeling.
In addition to the analysis of experimental results, a thermo-visco-plastic model in 3D has been applied to predict the behavior of this material for wide ranges of strain rate and temperature [7, 12] . The model has allowed obtaining good predictions for different kinds of applications. Verification is [14, 45] . demonstrated in Fig. 4 (a), in terms of different strain rates. The problem with the crash-box simulation is generally related to the fact that the average effective plastic strain rate _ p , Fig. 4(b) , corresponds exactly to the loss of linearity of the plot in ðs À log _ p Þ coordinates. The strain-rate sensitivity for mild steels begins to increase at strain rate around 10 s
À1
, Fig. 4(a) .
It is clear that the usage of constitutive relation with linear strain-rate sensitivity such as in the Johnson-Cook constitutive relation will affect the predictions of energy absorption. If the equation is fitted for the low strain rates range, a large error in the stress level appears at the impact side of the crash box where _ p % 10 3 s 1 . This occurs during the first stage of impact. If the JC constitutive equation is fitted for the high strain rates range, the stress level will be under-estimated as soon the loading goes on and _ p decreases and stabilizes around low average value, Fig. 4 (b) [13, 14] . It is therefore necessary to apply a reliable approximation of the visco-plastic behavior for a wide range of strain rates. Of course, such improvement must be coupled with the temperature effect that takes place in dynamic loading. Indeed, such range of strain rates 100p _ p p10 3 s 1 is above transition from the isothermal process to adiabatic heating. The adiabatic heating is related to a thermal softening of the material. The thermal softening accelerates all plastic instabilities, modifies the rate of strain hardening and, consequently, the process of plastic wave propagation. This effect is amplified at low temperatures. It is shown by the s-e curves in Fig. 5(b : ε=0.10 (Rusinek & Klepaczko, 2004) : ε=0.10 (Rusinek & Klepaczko, 1998) : ε=0.02 (Rusinek & Klepaczko, 1998) : ε=0.02 (Rusinek & Klepaczko, 2004 )
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: ε=0.02 (Larour & transition is not yet reached. In the case of _ p ¼ 10 4 s 1 , the change in strain hardening rate is less important in comparison with strain rate 10 À1 s À1 . Thus, during an accident in winter conditions this effect must be considered and not neglected. In summer, such effect will be delayed since the strain-rate transition will be at higher strain rate. Summarizing, to analyze the crash-box behavior, it is necessary to have a good approximation of the strain-rate sensitivity and strain hardening with temperature T and strain rate _ p . Of course, the temperature increases are local and will affect just a small part of the crash box where the collapse takes place. In this part of the crash box the plastic deformation level is close to 1 [15] . Several recent material models overcome this difficulty [7,16 19] but not many finite element commercial codes include these effects. The problem could be solved only by developing an algorithm to integrate the thermo-visco-plastic constitutive relation and implementing it in a user subroutine [20] . Such task has been done previously by the authors to solve different loading cases and to analyze dynamic instabilities, for example [12, 16] .
Having an accurate analytical description of the material behavior, it is necessary to apply this information to simulate numerically the behavior of a structure, in particular, to characterize the response of a crash box.
Experimental and numerical procedure used to characterize a crash test
In order to find the response of a structure in the form of a crash box several experimental setups may be used as it is shown in Fig. 6 . In the first case, a mass is accelerated to an initial velocity V 0 with a hydro-pneumatic arrangement or by explosive driving. The roller impacts a structure fixed to the rigid wall made of steel or concrete. The second most popular setup is a drop tower where the mass M is released from the height h, which defines the initial impact velocity, V 0 ¼ 2gh p . In this arrangement the initial impact velocity V 0 is limited since it depends on the height of the drop tower. Thus, the first technique is used for relatively high impact velocities and the second for the intermediate range.
In addition a direct impact of striker on a crash box supported by Hopkinson bar may be also used, for example [21] , to analyze the response of a small crash box for the intermediate impact velocities.
Several kinds of specimen are currently used for crash tests, Fig. 7 . Those specimens are with symmetric or asymmetric cross sections. The most popular is certainly the top-hat specimen, Fig. 7(a) . Some variances can also be found, for example with injection of metallic or polymer foam into the structure [22 24 ]. In present case the top-hat geometry was chosen since this structure is generally used in automotive industry, Fig. 3(a) .
The crash box is fixed to a rigid wall, Fig. 6 (a), with a hydraulic system that assures a complete clamping of the structure during the test. Positioning of the specimen follows the sequence depicted in Fig. 8(a) : it is inserted in a guide up to the contact with the wall, steps I and II, and then it is gripped by a mechanical or hydraulic device, step III, to ensure its stability during the test. This boundary condition is closely represented by restrictions in the displacements corresponding to case BC4 in the table 1 of Fig. 8 . The boundary condition BC2 is similar to BC4 but introduces a stronger restriction to the displacements of surfaces S1 when the gripping device applies a higher force. In some cases a bad fixation may appear allowing some displacements of surfaces S1 or S2 that could be represented by boundary conditions BC1 or BC3 in Fig. 8 . In the present work the four boundary conditions were considered. With this kind of boundary conditions (clamped surface), the displacement at the fixed side is zero. This causes that on that side the stress level is doubled, 2s I . Of course, this happens due to the reflection of the incident elastic wave s I . This problem is analyzed in the following section of the paper. As reported in the literature, a crash box has commonly the maximum length L max p1 m. Considering L ¼ 0.3 m (current value of the crash-box length in this work), the first passage of the elastic wave is complete in t elastic wave max ¼ 60 ms. This time interval is very short in comparison to the time corresponding to appearance of the first collapse. The external forces exerted on both sides of the specimen were determined in the first time on the support side and in the second time using the acceleration of the rigid plate on the impact side. Four triggers were introduced in the model on the impact side to get a repetitive folding mode on this part of the specimen. The symmetric trigger, Fig. 9 (c), is obtained moving the first nodes of each elements in the thickness corresponding to one line of nodes as reported, Fig. 9 (c) (symbol X and Y). Such trigger distribution is frequently used as reported in [25, 26] . It is also observed that imperfection normally does not determine the collapse mode but accelerates the convergence during calculation [26] .
To perform the numerical simulations, the finite element commercial code ABAQUS/Explicit [27] has been used. In the case analyzed a mass is launched with an initial impact velocity V 0 ¼ 16 m/s, Fig. 9 (a). It was verified that the results of the simulations were the same when modeling the mass with solid elements and elastic behavior or as a rigid plate. Thus, the second case was chosen for simplicity. The adiabatic conditions of deformation have been assumed during all numerical calculations. The geometry of the crash box was discretized with 25812 8-node brick elements with reduced integration (C3D8R in ABAQUS notation) corresponding to 40312 nodes. Generally the minimum size element imposed by automotive industries recommendation is 5 mm [28, 29] . In our case, a smaller size element has been chosen using a convergence method, comparing the force-time history and the collapse definition. When the force was stable using a smaller size the previous mesh was considered as optimal. To reduce the computation time two elements through the thickness were assumed. A convergence study has demonstrated that 3 or 5 elements give the same time history results. To have an optimal mesh, several quantities have been compared between all meshes, the force level, the collapse time and the number and shape of collapse folds. It was found comparing Fig. 7 . Geometry currently used in crash experiment: (a) top hat specimen and (b) hexagonal specimen [37] . different simulations with more dense mesh that the results were the same. The spot weld points have been introduced in the present approach by using an option given by the code. According to industrial observations an interaction radius f=8 mm with no damage was considered for the weld point. The behavior of spot welds is defined as rigid in the interaction zone. The friction coefficient m=0.1 has been assumed via a contact algorithm. This algorithm allows simulation of the contact between the tube and the impacting mass and also the self-contact of sheets of the tube.
Having defined the structure and the boundary conditions, the process of collapse of the crash box using different constitutive models was analyzed. This is discussed in the next part of the paper. However, to demonstrate the effect of elastic wave propagation the perfectly plastic behavior has been introduced with different yield levels. This is the first approximation to the crash-box simulation. It is also possible to describe more precisely the thermo-visco-plastic behavior of material studied using a VUMAT (User Subroutine) procedure in ABAQUS. Such simulations have been realized previously by the authors to study the effect of constitutive relation for different dynamic applications. In this paper a particular attention is given on the coupling of elastic wave propagation and plasticity. For this reason the behavior is defined as perfectly plastic to have a good understanding of the coupling and to dissociate all other effects as the strain-rate sensitivity, temperature sensitivity and strain hardening. Previous works of other authors demonstrated that the problems of dynamic buckling are strongly dependent on inertia and strain-rate effects [2, 30] .
Effect of plasticity on response of crash box

Elementary elastic wave propagation theory
In this part a brief introduction on the elastic wave propagation in slender rods is presented. The longitudinal elastic waves are developed by an impact on the end of rod. The second end can be fixed or being free. This will illustrate the problem discussed later in this paper concerning the competition between the local plastic deformation and the process of elastic wave reflection from the fixed end of the rod. In order to present the problem a simple case is considered using 1D approach. Fig. 10 shows the situation. During an impact on a bar with velocity V 0 , an incident elastic wave s I (t) is generated. This wave propagates along the bar with elastic wave speed C 0 which is related to the Young's modulus E and the density of the bar material r. For steels this celerity is C 0 ¼ E=r p % 5000 m=s. The time interval needed to reach the opposite side of the bar is relatively short. Assuming the typical lengths of crash box currently reported in the literature, varying within the limits 300pL 0 p500 mm [1] , the travel time varies from 0:06pt L p0:1 ms.
The 1D problem of elastic wave propagation is formulated via the local force equilibrium of the bar with a constant cross-sectional area. The wave propagation is defined by the following differential equation:
where A is the cross-sectional area and E is the Young's modulus. The solution of Eq. (1) is given in the form of Lagrange displacement u(x, t) [31] , by
where f is a function which defines the wave propagation in the positive direction, x40, and g is the same for the negative direction, xo0. For the case of rigid attachment shown in Fig. 10 (a) the boundary conditions impose displacement equal to zero at x ¼ L and the stress level is the sum of the incident wave s I and the reflected wave s R . Thus,
Using the Hooke's law, it is possible to relate the stress with the elastic strain level for the incident and reflected wave
The boundary condition at x ¼ L (velocity is equal zero, Eq. (3)) allows to write:
Taking into account Eq. (5), the stress level of the reflected wave can be found as a function of the incident elastic wave sðL; tÞ ¼ s I ðtÞ þ s R ðtÞ;
sðL; tÞ ¼ 2s I ðL; tÞ:
In conclusion, the stress at the fixed end is twice of the incident stress s I . This effect is directly related to the position of the collapse site observed during numerical simulations of a crash box. It is discussed in the following part of the paper.
Using the similar approach it is relatively easy to demonstrate that for the free boundary condition at x ¼ L, s ¼ 0 and the displacement is doubled, Fig. 10 (b) [31] . At the same time the reflected wave changes from compression to tension. Such situation is also shown in Fig. 10(b) .
In order to demonstrate the elastic wave propagation through the crash box, the first calculation has been performed for pure elasticity where the behavior is defined by the Young's modulus E and the Poisson's ratio n, Fig. 11 . The initial impact velocity was assumed to be V 0 ¼ 16 m/s, which corresponds to the incident stress amplitudes I ¼ rC 0 V 0 ¼ 624 MPa. The boundary conditions are shown in Fig. 11(a) . After the first reflection at x ¼ L the stress level is doubled s R ¼ 1248 MPa, Fig. 11(b) . This is in agreement with Eq. (6).
Perfectly plastic behavior
Effect of the yield stress on the collapse process
To analyze the influence of the value of the yield stress on the process of the crash-box collapse, the perfectly plastic behavior (s y ¼ const.) has been assumed, Fig. 12(a) . The real value of the yield stress for ES mild steel is s y ¼ 180 MPa, but several yield levels have been assumed to analyze the effect of this value on the collapse side. The level of plastic deformation depends on the yield stress in relation to the wave stress, s I ¼ s shock ¼ rC 0 V 0 . In case I, Fig. 12(b) , the yield stress assumed is lower than the stress amplitude (s shock ) and plastic deformation occurs close to the impact side. On the contrary, in case II, if the yield stress is between s shock ps y p2s shock , no plastic deformation may occur on the impact side but on the opposite side, due to the effect of double stress (stress reflection).
Concerning case III, the yield stress is assumed very high, no plastic deformation may appear when the incident elastic wave reaches the opposite side. In the present analysis only cases I and II are studied, they correspond to real configuration observed during experiment.
The numerical results corresponding to BC1 with the friction coefficient m ¼ 0.1 and with the initial mesh defect t M ¼ 3 mm are shown in Fig. 13 . It is observed that the collapse site is directly affected by the plastic stress level imposed s in relation to the yield stress s y . For a low yield stress s y an important plastic deformation is observed on the impact side inducing an instantaneous collapse closer to this side. This collapse reduces the stress level propagating in the crash box and prevents collapsing on the opposite side. This observation is true provided the yield stress is lower than s y p400 MPa. Now, if the yield stress is assumed higher, s y 4400 MPa, the plastic deformation is reduced, no collapse takes place on the impact side. In this case, a superposition of the incident wave s I (t) and reflected wave s R (t) induces an increase of axial stress on the clamped side, case II, Fig. 12(b) . The result is a collapse close to the support side.
For s y ¼ 400 MPa, the plastic deformation develops closer to the impact side and at the same time, due to elastic wave propagation, the plastic deformation appears also on the opposite side. It occurs due to an increase of stress level (phenomenon of superposition of incident s I (t) and reflected s R (t) waves on the clamped side). This is the main reason why two collapse sites are observed. Such phenomenon is also visible for the same reason for s y ¼ 450 MPa.
The collapse phenomenon is controlled by the force-time evolution as shown in Fig. 14 , for three cases where the yield stress varies in the limits 150ps y p600 MPa. The axial stress plotted corresponds to the nominal stress obtained by division of the input (impacted side) and output (support side) forces by the area of the initial cross sectional of the crash box. Depending on the yield stress imposed, it is observed that the output force oscillates around the input force. Time t ¼ 0 is the instant of impact and tE60 ms is the characteristic time for elastic wave to reach the opposite side. Therefore, these oscillations are due to elastic wave propagation and they are previous to the development of the different wrinkles on the tube. For s y E150 MPa the collapse appears on the impact side controlling the level of stress in the crash box. Therefore the output force oscillates around the input force with period equal to elastic wave round trip time ( Fig. 14(a) ). The opposite effect is observed for s y E600 MPa (Fig. 14(c) ). This occurs due to the wave propagation phenomenon described previously. For s y E400 MPa, due to simultaneous collapse on each side, no oscillations appear ( Fig. 14(b) ). In this case, the stress oscillations are avoided on input and output sides since plastic deformation is taking place on both of them. According to plots, Fig. 14 , the first local collapse event induces a fast increase of the axial deformation and a decrease of the axial force level for example if the first collapse take place on the impact side, Fig. 14(a) . This information is propagated in the axial direction and prevents any other collapses along the structure (as long as two folds are not in contact). Finally, all possible cases of collapse processes may be summarized by Fig. 15 .
In the first case of diagram, Fig. 15 , as long as the yield stress is lower than the elastic shock level (s static y os Elastic I ), an instantaneous plastic deformation appears on the impact side inducing a collapse to the impact side. Whereas incident wave propagates along the crash box, the plastic strain level is increasing with a low strain rate. If the quasistatic yield stress is much lower than the elastic shock level, a fast buckling appears on the impact side before the propagation time corresponding to t ¼ L/C 0 . The buckling leads to a decrease of the axial stress level and prevents any other collapses. The second case (s static y % s Elastic I ) corresponds to the transition case: if the quasi-static yield stress is quite close to the elastic shock level, the plastic strain increases slowly on the impact side. Thus, the buckling on impact side is delayed and do not prevent a collapse process on the opposite side when the incident wave reaches the opposite side. It is the reason why a double collapse appears in this case. The third case, ). In this case, no buckling is triggered on the impact side ), the plastic strain develops slowly on the opposite side. Therefore, the delayed buckling does not prevent a collapse on the impact side after the round trip time (t42L/C 0 ). Finally, in the case of a dynamic yield stress higher than the twice of axial stress level s , no buckling is possible on the opposite side at time t ¼ L/C 0 . Therefore, as shown in Fig. 11 , the reflected wave which reaches the impact side after one wave travel and due to the contact between the crash box and the mass reacts as the embedded side. In this case, the cumulated plastic strain on the impact side produces a fast collapse on that side.
In conclusion, the problem of crushing is governed both by plasticity and by elastic wave propagation. A process of collapse may appear on the opposite side of impact due to the embedded boundary condition on this side coupled with the phenomenon of elastic wave reflexion. Moreover, as it will be discussed later, an effect of strain-rate sensitivity is observed due to the difference of loading rates between the impact side and the opposite side requiring a correct definition of the thermo-visco-plastic behavior, sð p ; _ p ; TÞ, of the steel used for the crash box.
The coupling of elastic wave propagation and thermovisco-plastic behavior is discussed later as well as the influence of the boundary conditions (type of embedding condition, size of trigger, friction coefficient between the mass and the crash box).
Effect of boundary conditions and geometric defects on the response of the crash box
Effect of boundary conditions
In the previous part, the analyses have been limited to the boundary conditions BC1 (opposite side completely clamped). Now, the other three boundary conditions are considered to study their effect on the localization of plastic deformation, also assuming the perfectly plastic behavior for the crash-box material (Fig. 16) . Two extreme cases are assumed concerning the yield stress, that is s y ¼ 150 and 600 MPa. Since BC1, BC2 and BC4 conditions impede the axial displacement at the support side, the double stress effect takes place, producing collapse on this side for high values of s y . When imposing BC3 boundary conditions, a local stress concentration appear close to the gripping surface (S1 in Fig. 8 ) and local folding develops on this zone even for the low value of yield stress. The boundary conditions must be defined precisely in the numerical model to obtain an agreement with experimental tests in terms of number and localization of collapse lobes. Therefore the first conclusion is that the collapse process of crash box depends on the plastic behavior of material, but at the same time is also governed by elastic wave propagation.
Effect of friction coefficient
The friction coefficient m between the mass and the box has also an important role on the process of collapse. When m ¼ 0 sliding at the contact surface is favored and transverse displacements of the edge of the tube takes place easily. This facilitates the collapse on the impacted side. In fact, with s y ¼ 600 MPa folding may appear on this side ( Fig. 17(a) ) if no friction is included in the contact model, whereas collapse occurs on the opposite side for a value of m ¼ 0.1, Fig. 17(b) . Thus, the collapse site also depends on the level of friction.
In agreement with previous explanations, Fig. 14 , the oscillating force corresponds to the no collapse side, Fig. 17(a) and (b) . The additional analysis on the effect of geometric trigger has been performed since the trigger is frequently assumed in numerical simulations as an initiator of collapse or instability.
Effect of trigger size
In order to get a repetitive folding mode, geometric defects are commonly produced on the tube both in experimental and numerical studies. The size of these defects, called triggers, may also change the position of the collapse as can be seen in the following results. Different trigger sizes are analyzed varying from 1pt M p5 mm with the same trigger arrangement as discussed previously. The perfectly plastic behavior is considered with the yield stress s y ¼ 400 MPa. This stress level as discussed previously, Fig. 13 , corresponds to the transition between collapse on the impact and on the opposite sides. With the trigger size t M ¼ 1 mm the collapse takes place on the opposite side, Fig. 18(a) , whereas for t M ¼ 5 mm the collapse is observed on the impact side, Fig. 18(b) . Therefore, the transition case (s y ¼ 400 MPa) may be influenced by the trigger size. But this parameter does not influence the results of collapse for higher or lower yield stress than s y ¼ 400 MPa. In order to complete these analyses and to study the contribution of mechanical properties, it is interesting to demonstrate the effect of strain-rate sensitivity. Indeed, during the first impact, the local strain rate of _ p % 10 3 s 1 is observed. The strain-rate sensitivity induces an increase of the stress level. Thus, the strain-rate sensitivity is the unique effect allowing inhibition of the double stress level due to the process of elastic wave superposition that appears on the side opposite to impact. The goal is to obtain a plastic stress level s on the impact side much higher due to strain-rate sensitivity in comparison with the yield stress s y observed in quasi-static loading. In order to perform this analysis a simple constitutive relation with the constant strain-rate sensitivity C ¼ qs=q ln _ is used.
Thermo-visco-plastic behavior with Johnson-Cook model and linear strain-rate sensitivity
To extend the analysis of the effect of the mechanical properties on the collapse site, new simulations were performed taking the parameters of different steels, Fig. 19(a) . In the definition of the hardening of these materials, strain-rate sensitivity should play an important role: the average strain rate observed during a crash test is around 200 s À1 , but instantaneous values of this variable cover a large range, from quasi-static conditions, _ p ¼ 10 3 s 1 , to large values above the strain-rate transition observed for mild steel _ p ¼ 10 3 s 1 , Fig. 4(a) . As discussed previously, it is observed that hardening coefficient has also an important effect as it is reported in [32, 33] changing the plastic wave speed C p ¼ qs=q p , Eq. (7b), Fig. 19(b) , during first impact time. This effect is relatively reduced, Fig. 19(c) , in comparison with the strain-rate sensitivity or the B parameter, Eq. (7a), Fig. 19(e) . Thus, in this study a particular attention is given on the strain-rate sensitivity parameter since strain-rate sensitivity can increase instantaneously the yield stress of the material and the flow stress, Fig. 19(d) . This effect modifies the collapse site in the crash tube. Thus, in the second part of this paper, the same analysis has been performed using a thermo-visco-plastic model, assuming relatively low and constant strain-rate sensitivity C, Eq. (7a). The constitutive relation used is that introduced by Johnson Cook [34] . It allows a correct approximation of strain-rate sensitivity of mild steels in quasi-static range of deformation, typically: Fig. 4(a) . This constitutive relation is frequently applied in commercial FE codes used by industries. For the simulations the ABAQUS/Explicit code has been used in the commercial version. The explicit formulation of the Johnson Cook relation is given by
The constants for the steels studied are given in Table 1 . The rate sensitivity C for mild steel ES assumed as C 0.0362 yields a very low stress increase versus strain rate, Fig. 19(a) . The effect of strain rate on the flow stress is not well defined for strain rates higher than _ 410 s 1 , Fig. 4(a) . But the strain-rate range observed during crash tests is in between quasi-static loading to _ p % 200 s 1 on average. Therefore the JC constitutive equation with a constant value of C will not be predictive at relatively high strain rates. This is due to the fact of non-linear strain-rate sensitivity showed by many steels, Fig. 4(a) . In order to define correctly the material behavior for all range of strain rates from quasi-static to dynamic loading, a suggested solution is to assume two rate sensitivities depending on the strain rate range, Fig. 4(a) . Nevertheless, this is not possible in commercial finite element codes such as ABAQUS/Explicit. As the second step in this analysis, the effect of strain rate has been considered applying the JC constitutive equation corresponding to different materials, Table 1 . The strain rates sensitivities represented by different slopes are shown in Fig. 19 . This figure provides the information needed to compare the yield stress corresponding to dynamic conditions, _ p ¼ 10 3 s 1 , with the stress level s I induced by the impact and their respective multiples due to successive reflections of the elastic wave.
Values of the rate sensitivities provide direct information concerning the competition between the stress value on the support side due to the process of elastic wave reflection and the intensity of the plastic stress level s reached at _ p ¼ Fig. 19 .
The numerical results are shown in Fig. 20 . It is observed that the first collapse takes place in different sides depending of the thermo-visco-plastic properties and strain-rate sensitivity. In the case of mild steel ES with C ¼ 0.0362, collapse appears at both sides of the box, Fig. 20(c) . Therefore, this corresponds to the transition case, as discussed previously with perfectly plastic material behavior. If the strain-rate sensitivity increases (C ¼ 0.12 or C ¼ 0.30) the collapse takes place at the impacted side, Fig. 20(d) and e. In these cases the dynamic yield stress is very high and it is difficult to reach the yield stress both on the impact side and on the clamped side. The plastic deformation can only appear after two passages of elastic wave. When the reflected elastic wave reaches the impacted side after t ¼ 2L/C o the stress is high enough to deform plastically the material.
Analyzing the force evolution in time, a significant effect of the strain-rate sensitivity C on the force is noted. If the strain-rate sensitivity is low, for example C ¼ 0.0362, two plastic collapses appear at the same time without oscillations of the force signal, Fig. 21(a) . If the strain-rate sensitivity increases to C ¼ 0.3 the collapse takes place at the impact side as it is shown in Fig. 20(d) . In that case the dynamic yield stress is very high and prevents appearance of a buckling on the opposite side. Therefore, plastic strain accumulated during the round trip time of elastic wave propagation on the impact side leads to a collapse after two travels of the elastic wave when the reflection of the wave on the contact surface mass-crash-box appears. Therefore, the axial force in the crash box is controlled by the collapse force on the impact side and the loading level on the opposite side oscillates around the previous value, Fig. 21(b) .
Based on the previous numerical observations the following conclusion may be drawn. According to Fig. 15 
Another condition to trigger buckling on the impact side is to reach the stress amplitude higher than the quasi-static yield stress of the materials. Numerical simulations have been performed with new value of the constant A in Eq. (7a) satisfying this condition. The results are shown in Fig. 20 (e) and (f). In that case, as expected, a collapse is seen on the impact side of the crash box.
Conversely, when a material is not rate sensitive Fig. 22(a) , or showing negative strain-rate sensitivity like some kinds of aluminum alloys [35, 36] , the collapse will appear on the opposite side of impact and may induce bending of the structure especially for long structure [15, 33, 37] . In this case the desired high capacity of energy absorption of a structure to protect the passengers will be lost. Due to buckling of the structure, the force level will decrease. One can observe on the picture of a brass box (no strain-rate sensitivity) that the collapse took place near the embedded side of the specimen and not on the impact side. Recently, some results were reported in the literature for materials without strain-rate sensitivity, like those shown in Fig. 22 [36] .
Experimental observation obtained for the material without strain-rate sensitivity confirms the numerical predictions and analysis concerning the role of the strainrate sensitivity on the collapse phenomenon and the interaction between the plastic stress level induced by impact and the reflection of elastic waves from the clamp. Generally, in industrial practice of numerical calculations the trigger of collapse near the impact side is enforced until the buckling is similar to experiment. This problem appears also during numerical simulation using JC constitutive relation for materials with high yield stress and low strainrate sensitivity.
A more precise modeling of the visco-plastic behavior of the material that would help to predict properly the collapse site is possible by accounting for the nonlinear strain-rate sensitivity. Based on the Johnson-Cook [25, 38, 39] consist of adding a second term depending on _ p , Eq. (9) . Typically the rate sensitivity increases with strain rate, Fig. 4(a) .
In the case of JC equation an improvement is to add one more term approximating the rate sensitivity. Simply, the second rate sensitivity can be introduced into Eq. (7). Therefore two constant rate sensitivities C 1 and C 2 govern in an artificial way the rate sensitivity. Although the improvement is introduced on pure phenomenological basis it may improve to some extent numerical evaluations of the crash-box analyses. An improvement may be expected in that case, notably around the transition point where the strain-rate sensitivity increases beginning from strain-rate _ p X10 s 1 . Of course, a correct solution in constitutive modeling is to introduce a complete constitutive relation with one non-linear term which approximates correctly the strain-rate sensitivity.
Conclusions
In this paper different numerical analyses of dynamic buckling and collapse of a crash box are reported taking into account both the elastic waves and plasticity effects. It has been observed that a strong competition exists between the elastic wave propagation and the local plasticity appearing during the first stage of impact. This competition defines the collapse site. In order to approximate correctly the buckling and collapse processes it is necessary to have a correct description of the strain-rate sensitivity of materials under consideration. The main idea is to assure a high plastic stress level under high strain rate to prevent any buckling on the opposite side of the crash box. This numerical study clearly indicates a problem if the material applied to design the crash box has in tension/compression close to zero or even negative, like Al alloys, strain-rate sensitivity. High strength steels introduced recently into the automotive industry have such features.
